A ribonucleoprotein complex containing several RNA subfragments from the 5' part of 23S RNA was recovered after digestion of the reconstituted complex between 23S RNA and protein L24. It was suggested in the preceding paper that the RNA subfragments 4B, 10A and 9, which are widely separated in the sequence, strongly interact. These subfragments were previously partially sequenced by the classical fingerprinting methods. Their sequences have now been completed with rapid new RNA sequencing methods. We propose here a basepairing model showing how these subfragments may interact with one another.
INTRODUCTION
RNA subfragments encompassing the 500 nucleotides at the 5' end of 23S RNA were found associated with protein L24 after Tl ribonuclease digestion of the reconstituted protein L24-23S RNA complex . The work described in the preceding paper showed that an additional RNA subfragment 9, which is not part of these 500 nucleotides, was found in the ribonucleoprotein complex. Furthermore, a strong interaction between subfragments 4B, 9 and 10A was demonstrated. Subfragments 4B and 10A were previously partially sequenced by the classical fingerprinting technique , and the Tl ribonuclease oligonucleotide composition of subfragment 9 was characterized . The complete nucleotide sequence of the interacting regions is necessary for understanding their mode of association. Indeed, a likely explanation is that there are strong base-pairings which are stable in 4M urea. The primary structure of these regions was completed by the rapid new RNA sequencing technique using 5'-p > labelling and subsequent fractionation of the digests on polyacrylamide gels ' . On the basis of the sequences of subfragments 4B, 9 and 10A, we present a base-pairing model which explains the interaction observed between these subfragments:
MATERIAL AND METHODS 1. Preparation of the L24_ ribonucleoprotein complex 10 mg of uniformly P labelled 23S RNA were complexed withprotein L24 under the conditions described in the preceding paper 2 . The complex was digested with Tl ribonuclease at an enzyme/RNA r a t i o o f V10 for 30min. at 0°C.
The digestion products were precipitated with ethanol and fractionated by electrophoresis on polyacrylamide gels .
Pr^Baratign_of_the_RNA_subfragments_frqm_the r^bonuc2eogrotein_com2l_ex
The ribonucleoprotein complex was dissociated as previously described by electrophoresis on a polyacrylamide gel containing 8M urea and 0.1 % Na dodecylsulfate . The resulting RNA subfragments were identified by their characteristic electrophoretic mobility . They were eluted from the gel using a modification of the procedure described by Ross and Brimacombe 5 : the gel bands were ground and shaken overnight in a solution containing 0.3 M NaCl and 0.1 % Na dodecylsulfate, in the presence of phenol saturated in the same solution. The aqueous phase was recovered by centrifugation through glass wool. The nucleic acid concentration of the solution was adjusted to 50 yg/ml by addition of calf thymus DNA. This DNA was prepared by sonication of commercial calf thymus DNA, followed by three phenol extractions. The nucleic acids were ethanol -precipitated twice and washed once with ethanol.
When the internal labelling of the RNA subfragments was too high, they were stored until the radioactivity had partially decayed before labelling with polynucleotide kinase. 3 • §l;;end_l_abeVHng _qf _the_RNA_subf ragments 32 The labelling was done using highly labelled y-P ATP (Amersham 3000 Ci/mmole) and T4-polynucleotide kinase prepared by Dr. G. Keith. A 2-fold molar excess of ATP relative to the 5' end of the RNA fragment was generally used.It was dried under vacuum and resuspended in 25 yl H 2 0 containing the RNA fragment to be labelled. 25 yl twice concentrated kinase buffer (20 mM MgCl 2 , 12 mM mercaptoethanol, 20 mM Tris HC1 pH 8) and 4 units polynucleotide kinase were added. The mixture was incubated for 30 minutes at 37°C. The RNA was ethanol-precipitated and the pellet dissolved in 2Oyl H20and25yI twice concentrated denaturation buffer (40 mM Na c i t r a t e pH5;2mM EDTAj 0.025%xylene cyanol, 0.025 % bromophenrilblue, 10 M urea 3 )were added. The solution was incubated at 55°C for 20 mn. This step was required to destabilise the RNA secondary structure and therefore to eliminate subfragments containing hidden breaks. The solution was then loaded onto a polyacryl amide gel containing 8 M urea and Tris-borate EDTA buffer. The purified 5'-labelled fragments were then eluted as described above. They were ethanol-precipitated with carrier tRNA, three precipitations and careful washing of the pellet with ethanol were required to remove traces of residual phenol which would inhibit the subsequent enzymatic digestions. .rtial_a]ka2ine_digestion:the conditions used were those described by Donis-Keller et al. except that the incubation was done at 100°C. In addition, it was noticed that two times of incubation (15 mimutes and 30 minutes) were required to obtain a good distribution of partial products.
The yarious digests described above were loaded onto a 20 % polyacrylamide slab g e l , under the conditions described by Donis-Keller et a l . . The length of the gel was 40 cm or 90 cmdepending on the size of the RNA subfragment to be aialysed.
RESULTS
In order to use the new RNA sequencing techniques, the RNA subfragment were labelled at their 5'-end withy-P ATP and T4-polynucleotide kinase. No dephosphorylation step was required since the RNA subfragments resulted from a Tl ribonuclease digest and therefore had a free 5"OH end. The efficiency of labelling was nevertheless variable depending on the subfragment (Fig. 1) . Small subfragments were more readily labelled than large ones, but among the larger ones, great differences were observed, for example subfragments 3B and 4B were well-labelled, whereas subfragments 3A and 4A were only poorly labelled. The former subfragments have an adenine residue at their 5' ends, while the latter ones have a uridine residue. The specificity of T4-polynucleotide kinase has been reported for 3 1 monophosphate nucleoside : the Michaelis constant for rUp is higher than that of rAp, whilst the Vmax for rAp is higher 3? Figure_l : Acrylamide gel electrophoresis in 7M urea of 5 ' -P labelled RNA subfraginents The RNA subfragments were labelled as described in "Material and Methods" . Large subfragments were loaded onto a 12 % polyacrylamide gel (la) and smaller ones onto a 18 it polyacryl amide gel ( l b ) . A main 5'-labelled fragment appears in each lane except for subfragtnents 3A and 4A. The minor bands correspond to hidden breaks within the RNA subfragments which have been revealed by the pretreatment at S5°C (see Material and Methods).
than t h a t o f rUp. N e v e r t h e l e s s , i t seems u n l i k e l y t h a t the difference observed only resulted from the specificity of the polynucleotide kinase. I t is more l i k e l y a question of accessibility of the 5' end of these subframents. From previous r e s u l t s 1 ' 2 , subfragments 3A and 4A have a compact structure, which is not the case for subfragments 3B and 4B. Since the use of the new RNA sequencing procedures requires 5'-end l a b e l l i n g , the a p p l i c a b i l i t y of the technique w i l l strongly depend upon the conformation of the RNA fragment studied. Surprisingly, subfragments which were present i n very low y i e l d and therefore were not characterized previously have been well-labelled, for examplepartof subfragment 7A (sub 7'A) and one of subfragment 7B (sub 7'B) 1 . Fortunately, subfragments 4B, 9 and 10A whose sequences are particularly interesting for the study of RNA-RNA interactions within the binding site of protein L24 2 were easily labelled. We studied subfragments 4B, 6B and its product 10A, subfragments 7'A, 7'B and 9. To sequence them, we adapted the limited digestion conditions for A, Tl, U2 and Phy I RNases established byiDonis-.Keller et al. 3 and Simoncsits et al. 4 Tl, U2 and Phy I RNases gave satisfactory results ( Fig. 2-4) . Digests with RNase A were less clear since this enzyme has a strong specificity for the nucleotide following the pyrimidine residue (7) and is very sensitive to remaining secondary structure.
In spite of non-enzymatic cleavages which occurred in some cases, it was generally possible to deduce the nucleotide at the position of the cut by comparing the intensity of the bands in the various digests. These cleavages, which probably resulted from heating to 50°C in the presence of urea, always occurred after pyrimidine residues preceding an adenine residue, like the bonds broken preferentially by alkali digestion at elevated temperature. Problems of interpretation also arose when the secondary structure of the fragment was not completely destroyed, urider the conditions used, in which case some of the bands were weak. Furthermore, we observed in some cases that RNA pieces differing by one or two nucleotides had the same electrophoretic mobility on the gel. Gel sequencing enabled us to correct some errors made previously using the classical fingerprinting techniques. However our previous results have been very useful in several cases to confirm the present data. The results we obtained are summarized in fig.5 : the nucleotide sequence of the 60 nucleotides at the 5' end of subfragment 4B was completed as well as the sequences of subfragments 6B and 7'B. The sequence of subfragment 9 has been determined, and corrections were made in that of subfragment 7'A. The subfragment 9 is part of the 13S fragment of 23S RNA (1300 nucleotides at the 5" end of the molecule) because the sequence GUACAA was found in it. This sequence is unique to the 13S RNA fragment and comes from the Tl oligonucleotide UACAAG (unpublished results). It is not possible to have a more precise localization of subfragment 9 within the 13S fragment, since the characteristic Tl RNase digestion products of this subfragment contain only one uridine residue and since these oligonucleotides have not yet been localized within the ft different sections of the 13S fragment . The sequence of the 17 nucleotides -Enz corresponds to the fragment incubated without enzyme.
G corresponds to the T1 RNase digest, A to that with U2 RNase, U + C to that with RNase A.
-C to that with Phy I RNase and L to the ladder obtained by alkaline digestion. The digestion conditions are given in "Material and Methods". The digests were loaded onto a 90 cm long polyacrylamide slab gel. The electrophoresis was carried out for a long time: 70 hours at 100 V/cm. The oligonucleotides migrating faster than the xylene cyanol blue were lost, but a very good fractionation of oligonucleotides between 17 and 60 long was obtained. The sequence of the first 17 nucleotides has been deduced using a shorter electrophoresis. Some non-enzymatic cleavages occured at positions 20, 24, 45 and 55 during the various treatments of the subfragemnt. Nevertheless, in each case it was possible to deduce the corresponding nucleotide from the intensity of the bands and from previous data concerning the sequence. RNase A gave very faint bands at certain positions: 23, 42 and 48. In this case the interpretation was facilitated by the previous results.
G and C were sometimes cut by U2 RNase (positions 22 and 30) but it was a very low degree and did not interfere with interpretation of the results. Phy I enzyme did not cleave after C when followed by U, C or G, nor after U, A or G when followed by U. Cleavage after G or A when followed by C was poor. By taking into account these particularities of Phy I cleavage, and by comparison of the different lanes, it was easy to distinghish between U and C.
preceding subfragment 4B and corresponding to the 5' end of 23S RNA has been recently verified and is indicated on Figure 5 . Examination of the sequences in Figure 5 reveals the existence of several complementary regions in subfragments 4B, 9, 10A and 12. The most stable base-paired structures are represented on Figure 6 . Subfragment 12 can be base-paired with subfragment 10A (structure 9) or with subfragment 4B (structure 4). The f i r s t structure is very unstable and i t is not surprising that i t was not found in the presence of 2M urea . On the other hand, the second one could be stable in the presence of 2M urea. Since
Figure_3 : Sequence analysis of subfragment 9
The digestion products were loaded onto a 90 cm long polyacrylamide gel, and electrophoresis was done for 48 hours at 100 V/cm (a). The nucleotide sequence of the 5 nucleotides at the 3 1 end has been determined on another gel which was run for a longer time (b). Figure_4 : Sequence analysis of subfragments 6B and 10A
is was not found , it is unlikely to occur. Since subfragment 1was found
The digests were loaded onto a 40 cm long polyacrylamide g e l . Electrophoresis was carried out for 18 hours at 100 V/cm.
4b) Subfragrnent 6B
Since Phy I RNase conditions were too strong on the first gel, (1), a second run was made with this enzyme together with pancreatic and alkaline digestions (2). . In addition, two inversions were made in the ordering of Tl RNase digestion prod.ucts because they were preceded by the same pancreatic RNase digestion product. The sequence determination of a molecule of 3000 nucleotides is about the limit compatible with the use of the fingerprinting technique, but a combination of the results obtained previously and of those obtained by the rapid new gel sequencing technique allowed us to obtain results which are far more reliable. Indeed, it must be pointed out that the new methodology for RNA sequencing in its present state is not accurate enough to be used alone. It is more and more obvious that nucleic acid sequences should be determined using two parallel approaches. Even in the case of DNA, the determination of the sequences of the two strands is required .
Nevertheless, the results of the fingerprinting technique were required for the determination of the relative order of the RNA subfragments, which is a prerequisite for determination of the complete nucleotide sequence of the RNA region 1 . And this technique is still quite useful to rapidly identify RNA sub-2 fragments as was done in the preceding paper . We have no experimental data concerning the possible less stable interactions we propose between subfragments 9 and 10A. The conservation of these interactions in the structure of 23S RNA from different bacterial species would be the best proof of their existence. This study reveals once more how difficult it is to determine the secondary and tertiary structures of an RNA molecule even when its primary structure is known. The model we propose results from a study on the reconstituted L24-23S RNA complex, and so one couTd object that 23S RNA may have a different conformation within the 50S subunit. However, previous experiments have shown that the 5' end region in 23S RNA within the 50S subunit has a very compact conformation, which would be in agreement with the present data.
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